Abstract: Spread-F is caused by the presence of ionospheric electron concentration irregularities of scale-size of order 5 km at F-region altitudes. Estimates of spread-F in the vicinity of the maximum plasma frequency of the F layer (foF2) have been determined at 15 min intervals from ionograms recorded over a ten day period
Introduction
The occurrence of F-region plasma concentration irregularities at geomagnetic mid-latitudes has been studied for many years by using the scintillation of radio beacon signals, and the presence of spread-Fon ionograms. Bothexperimentalmethods are sensitive to irregularities with a scale size of 1-10 km across the geomagnetic field (Booker et al. 1986 ). The generallyaccepted occurrence of mid-latitude irregularities may be summarized as follows: 1) They are mainly a night-time phenomenon (Briggs 1958 , Singleton 1957 . 2) There are minima in occurrence at equinoxes, a maximum in the winter solstice and a less pronounced maximum in summer (Shimazaki 1959 (Shimazaki ,1960 . 3) They arelesscommonat sunspot maximum compared with sunspot minimum (Shimazaki 1959 , 1960 , Singleton 1960 , 1968 . 4) They are most common 1-2 days after high geomagnetic activity (Bowman 1979 , Aarons & Rodger 1991 . 5 ) There is a minimum in occurrence near 40" dip angle. 6) They frequently occur simultaneously ingeomagnetically conjugate regions (Rodger 1976) , particularly when the ring current, as measured by the Dst index, is decaying following a storm (Rodger & Aarons 1988) .
The occurrence of F-region irregularities over Argentine Islands, a geomagnetically mid-latitude site but at a high geographic latitude (Table I) has been studied in great detail (Rodger 1982) . This work revealed some differences from the normal behaviour of spread-F. For example, the maximum in occurrence of spread-F is in winter with a strong minimum in summer. Also, a simple analysis, using the geomagnetic activity index, Kp, showed there to be a strong positive correlation in the occurrence of irregularities with geomagnetic activity at sunspot minimum. Incontrast, at sunspot maximum there is a weak inverse relationship for Kp55, with a very dramatic increase in occurrence for Kp16 (Rodger 1984) .
Despite this wealth of knowledge concerning the occurrence of the mid-latitude F-region irregularities, a detailed explanation for their formation remains illusive. To date three instability mechanisms have been proposed, the gradient drift instability, the temperature-gradient instability and the Raleigh-Taylor instability. Thesemechanisms are describedin detailby Tsunoda 
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Local time (h) UT-4 UT-4 Geomagnetic dip angle at (1988 ),Hudson& Kelley(1976 andFejer& Kelley(1980) , and therefore only a very brief statement about each mechanism is given here.
For the gradient drift instability to occur three factors are necessary. They are the presence of a spatial gradient of electron concentration, a relatively low plasma concentration, and ion motion in the rest frame of the neutral particles. This is the most popular explanation for F-region irregularities at mid-latitudes but the observational evidence in support of this theory is limited. It has been shown that increases in plasma velocity are frequently associated with increased irregularity activity (Foster & Aarons 1988 , Aarons et al. 1991 , but these authors did not investigate the other two important criteria affecting thegrowth of this instability process. However these studies suggest that, during the main phase of a storm, high latitude instability processes may invade geomagnetic mid-latitudes. Hudson & Kelley (1976) showed that the growth rate of the temperature-gradient instability was slow at mid-latitudes and thus was unlikely to be effective in causing irregularities under normal conditions. However, this process could be more important under certain circumstances (e.g. when the electron gas is heated substantially above its normal values as occurs in stable auroral red arcs) but quantitative modelling using in situ measurements has not been carried out. To date, there have been no quantitative assessments of the growth rate of the Raleigh-Taylor instability. Bowman (e.g. 1991) has indicated that gravity waves may be important in seeding the instability process, but observations from an HF Doppler experiment centred at Argentine Islands showed that the amplitude or occurrence of gravity waves did not appear to change about the time of onset of F-region irregularities (Rodger 1982) .
In this paper, the occurrence of irregularities for two relatively closely spaced ionosonde observatories are presented for a 10 day period at sunspot minimum. These data are used to determine the latitudinal gradient in the occurrence of irregularities, as determined by spread-F on ionograms, under a variety of geophysical conditions. The values of electron concentration above each station, and the gradient of electron concentration between the Observatories are used to investigate the causes of the irregularities.
Data sets and data analysis methods
The data used in this study are taken from the ionosonde observatories at Marsh, King George Island (KGI) and Faraday, Argentine Islands (A) (Fig. 1) . The observatories are displaced by about 3" in latitude and 5" in longitude, a separation of 426 km. The table gives some relevant geophysical parameters for the observatories. The period studied is 1-10 May 1986, an epoch at sunspot minimum, and thus when a positive correlation between geomagnetic activity and spread-Foccurrencewouldbeexpected (Rodger 1984) . The geomagnetic activity, as measured by the 3-hourly Kp index, is shown in Fig. 2 together with the hourly values of the Dst index, a measure of the strength of the equatorialring current. There are two active periods centred on 2-3 May, and 6 May. The first period shows a typical storm disturbance with high Kp values for about 1 day, and a rapid reduction in the Dst value with a gradual recovery over the next two days. The storm on the 6 May also lasts about 1 day, but the Dst disturbance is somewhat different with a gradual reduction and a rapid initial recovery about 00 UT on 7 May. The 8-10 May is a period of relatively low geomagnetic activity. Within this 10-day interval, the occurrence of spread-F for a range of geophysical conditions can be examined.
Spread-F is a gain sensitive parameter (i.e. more is recorded on the ionogram if the equipment gain is increased). One significant advantage of this study is that identical IPS-42 ionosondes are deployed at the observatories (Broom 1984 , Iribarren & Figueroa 1986 . Thus, the power output and receiver sensitivity of the equipments are the same, the only difference being in the aerial systems. At KGI, two 24 m delta aerials mounted at right angles to each other are used, one for and Argentine Islands (-) for 8-10 May 1986, a period of low geomagnetic activity.
transmitting and one for receiving. At AI, two vertical rhombic aerials are used for transmitting, the larger rhombic (35 m to each side) is used for frequencies below 6 MHz. A similar system, displaced by 3 m from the transmitter antenna, is used for receiving. The AI arrangement gives a more uniform radiation pattern over the entire frequency rangeoftheionosonde (seeBroom 1984,formoredetails),butthedatausedin thestudy are recorded at frequencies between 1.5 and 5 MHz. Over this rather restricted frequency range, the overall sensitivity of the two ionosondes is very similar.
The quantitative measure of the occurrence of irregularities used in this paper is the frequency range over which spread-F (Piggott & Rawer 1972) is observed in the vicinity of the maximum plasma frequency of the F layer (foF2), scaled at 15 min intervals, and in units of 0.1 MHz. This feature is often known as frequency spread-F. Two other 15min ionospheric parameters used in this study are a and 6 which are defined as follows:
The parameter a is the normalized departure of foF2 from the quiet time value of foF2, whilst 6 is the difference in the peak electron concentration of the F2 layer (NmF2) between the two sites. The foF2valuesused to compute the meanvalue for a given time of day are those for 8,9 and 10 May, which are three of the geomagnetically quietest days in the study period. A 9-point running mean is then applied to the data to give smoothed values for the entire day and produce foF2 for both stations asshown in Fig. 3 . The solar time at KGI is 20 min earlier than at AI, and thus the time scales in Fig.3 have been shifted accordingly. Argentine Islands' f T 2 values are slightly lower at all hours than those over King George Island, the difference being about -0.2 MHz.
Data presentation
The occurrence of spread-F at the two observatories is shown in Fig. 4 . The following points summarize the key observations: 1) Some F-region irregularities are seen on each night at both stations. The onset of spread-F is usually earlier at A1 compared with KGI.
2) On many occasions, irregularities at A1 start to occur about 2 hours before sunset at 120 km altitude.
3) On most nights, irregularities cease close to sunrise at Eregion altitudes at AI, and somewhat earlier at KGI.
4)
On each night, the irregularity activity starts at a low level and then usually increases. This pattern is reversed towards sunrise. On average, the level of irregularity activity is slightly greater at A1 than at KGI.
5) On the disturbed nights, (2-3 and 5-6 May), the irregularity activity starts somewhat later than on less disturbed nights. The night(s) following geomagnetic activity show the greatest irregularity activity. The variations of the a and 6 parameters are presented in 
Discussion
Although some of the differences observed in frequency of occurrence and intensity of irregularities at the two stations may be due to slight differences in the actual performance of the equipment used, a significant latitudinal gradient in occurrence and intensity is observed. The frequency of occurrence of spread-F for the entire period at KGI is 28.3% while it is 48.4% at M, which is equivalent to 71% more at AI. The intensity of spread-F over AI is usually 0.1-0.2 MHz larger than at KGI under all geomagnetic conditions. This indicates that either A1 is closer to the initiation site of the disturbances causing spread-F, or that the growth rate of irregularities is slightly greater at the more poleward observatory. The present data set George Island (D) and Argentine Islands (0 ) at the Universal Time of the spread-F onsets at King George Island (Fig. 6a ). The bottom panel shows the corresponding values of 6 (defined in text). The corresponding information for the onset of spread-F over Argentine Islands is shown in Fig. 6b .
cannot beused to distinguishbetween these two possibilities, but it is noted that on average the electron concentration at night over Argentine Islands is lower (25%) than that over King George Island. The growth rate of plasma instabilities is inversely related to the electron concentration and thus this may explain in part the increased spread-F occurrence over Argentine Islands.
As spread-F starts near sunset and ceases close to sunrise at E-region heights, this provides further evidence that solarinduced conductivity increases are responsible for shorting out the polarisation electric fields associated with the F-region irregularities. This observation is consistent with previous modelling work (e.g. Vickrey & Kelley 1982) .
The most intense spread-F occurs at both stations on the night(s) following geomagnetic activity, when Kp has subsided but Dst is stillmoderately large. Suchobservations are consistent WiththoseofAarons &Rodger(l991). Theseauthors suggested that the release of energy stored in the equatorial ring current was important for irregularity formation, but they did not identify the specific mechanism involved. It is known that the electron temperatures are often enhanced due to energy transfer from the ring current ions, and therefore the temperaturegradient drift instability may be more important under these conditions. Co-sited measurements of spread-F, electron temperatureand theintensityof630nmopticalemissionswould be required to test this hypothesis.
The data presented here indicate that the onset of spread-F on days of high geomagnetic activity is somewhat delayed compared with quiet times. This new observation is most interesting, and at odds with some previous studies (e.g. Foster Aarons etaf. 1991) . These authors showed that increases in the occurrence of F-region irregularities at mid-latitudes occurred duringthe initial phase of ageomagnetic storm. They suggested that it may be caused by the penetration of the magnetospheric convection electric field to mid-latitudes causing an increase in the plasmavelocity. Clearly thisnew observation presented here needs to be verified with a more extensive study, before a satisfactory explanation can be determined.
It has been suggested that atmospheric gravity waves may be the seeding process for spread-Fgeneration through the RaleighTaylor instability (Bowman 1991) . The values of a are usually steady at the onset of spread-F indicating the absence of the ionospheric signature of atmospheric gravity waves. This limited data-set is consistent with the previous work of Rodger (1982) who showed that spread-F generation over the Antarctic Peninsula was not associated with gravity wave activity.
Neither the F-region peak electron concentrations (a) nor the electron concentration gradient between sites (6) seems to relate to spread-F occurrence in a simple way. Therefore no firm conclusions can be drawn concerning the role of the gradient drift instability in the spread-F occurrence pattern over these Antarctic observatories. One critical piece of evidence that has been ignored in this and many other similar studies is the magnitude and direction of the neutral wind. The ion motion in the rest frame of the neutrals is a very important parameter in the growth rate of the instability. At mid-latitudes, the neutral wind motion is often greater than the ion motion caused by electric fields. It is also known that neutral winds at mid-latitude sites are very variable from one night to the next (Hernandez & Roble 1976) . To investigate the role of neutral winds in the formation of plasma irregularities, co-sited ionosonde and neutral wind measurements are essential.
Conclusions
Ponosonde data from two Antarctic sites at geomagnetic midlatitudes have been used to investigate the spatial and temporal variations of plasma irregularity occurrence at F-region altitudes. Many of these observations support previous studies but some new observations have been made. For example,very frequently the duration and the intensity of F-region irregularities are greater at the higher latitude site. On geomagnetically disturbed nights, the irregularity activity is somewhat delayed compared with less disturbed periods.
The lower values of electron concentration over Argentine Islands (by -25% at night) may explain why considerably more spread-F is observed there compared with over King George Island; lower values give an increased growth rate to the instability process. However, studies of the absolute values of electronconcentration,and thegradientsof electron concentration between the stations have failed to identify a unique set of conditions necessary for the onset of spread-F at either site. It is suggested that the neutral winds may have asignificant influence in this process, and further studies of spread-F with co-sited neutral wind measurements are required to resolve this problem.
